An IHS-based enhancement method for colour images (IEM) is presented in this paper. An improved gamma transformation was applied to enhance the brightness and texture details of colour images taken in dark conditions. Moreover, a spatial filter was used to prevent the loss of details of highlighted areas. The method was tested with the images from the database of Simon Fraser University (SFU) and from the Chinese ZIYUAN-02C satellite. The experimental results show our proposed method could effectively enhance the luminance and texture of the images, especially for those taken in dim conditions, and maintain the hue and saturation of original images.
INTRODUCTION
Remote sensing images have played an important role in many applications, such as objective detection and image interpretation. Among these applications, the visual effect is an important factor that affects the accuracy of application results. However, many factors may reduce the visual effect and degrade the image quality. For example, insufficient light lowers the image brightness and smudges the fine textures, making the detailed information difficult to be identified. In this case, images need to be enhanced prior to applications [1] . The visual effect is closely related to the capability of the display devices that show graphic images. Because remote sensing images can be shown only in a single band or in three bands simultaneously on a display device, many image enhancement techniques have been developed for panchromatic images and colour images. Among these techniques, enhancement approaches in frequency domain and space domain [2, 3, 4, 5] are popular. Although these approaches can effectively improve the contrast of images, they cannot maintain an average brightness level, which may result in either under-or over-saturation in the processed images. Therefore, these methods are not suitable for colour image enhancement. Because colour appearance is a useful feature to identify an object, it must remain roughly constant during colour enhancement. To study colour constancy, the retinex model was proposed [6] . The colour appearance of an object is believed to be determined by the surface reflectance function of surrounding objects, which is not related to the intensity of light [7] . Therefore, the colour appearance of an object can be defined by the variation of ambient light, and this appearance can remain unchanged when the intensity of the light is changed. Although many researchers established the mathematical foundations of the retinex model soon after, the model has not been applied widely to image enhancement. Then the author in [8] developed a single-scale retinex (SSR) method. It replaced the center/surround retinex with a difference of Gaussian (DOG) function. Moreover, it modified the placement of the logarithmic function in the retinex model. The SSR method can provide either dynamic range compression or tonal rendition of images, but it cannot provide both of them simultaneously [8, 9] . Therefore, a multi-scale retinex (MSR) method was developed [10] . Both dynamic range compression and tonal rendition are achieved by the MSR method; however, the method causes gray-world violation in the rendition of scenes [10] . To resolve this problem, a multi-scale retinex method with colour restoration (MSRCR) [11, 12] was proposed. Although all of these algorithms could improve the colour constancy to some extent, the hue of images may be changed as they mix the colour information with illumination [13] . To cope with the problem mentioned above, a linear transformation method (LTM) was proposed, which proved that linear transformation does not change the hue of images in the Intensity-HueSaturation (IHS) colour space, and the variation of saturation is decided by the scale parameter and shift parameter of linear transformation [13] . However, the scale parameter in LTM contains an experience constant, which may increase the instability of the method. Moreover, the scale parameter is not monotonic in LTM, which may result in texture distortion after enhancement. Therefore, to increase the robustness of the result, the innovation of this paper is focused on the accuracy and stability of the scale parameter. The shift parameter is changed slightly to further optimize the enhancement image quality.
METHOD
The main steps of the proposed IHS-based enhancement method for colour images (IEM) are as follows: 1. Transforming the image data from RGB colour space into IHS colour space; 2. Determining the scale parameter and the shift parameter of linear transformation; 3. To obtain the enhanced images, a linear transformation is performed by convolving the scale parameter with the original images. Then a shift parameter is added into the intensity component of the enhanced images to restore some detail information that is lost during transformation.
LTM method
The key step of the LTM method is the construction of the scale parameter. The scale parameter α of the current pixel in LTM consists of two components, i.e, the luminance gain and the colour gain, described as follows:
where g is a log mapping function defined in LTM that denotes the colour gain of α, x = max(R, G, B) is the maximum gray value of the current pixel, s = R + G + B, x/(s+1) denotes the colour information of the current pixel and c is the constant; l denotes the luminance gain. In LTM, the luminance gain is defined as [13] :
where x = max(R, G, B), F(x) represents the adaptive quadratic function, which is defined as:
where mv denotes the mean of the luminance image. Obviously, when x is equal to 0 or 255, () Fx achieves the maximum value of 255. Therefore, the processed value will not be over flow.
In LTM, the authors directly adopted the quadratic function and the log function to work out the scale parameter without a detailed analysis, but they gave us a conclusion that this scale parameter can promote the intensity and texture information. Therefore, the scale parameter in LTM seems to be treated in a heuristic manner that is not based on modeling. Fig. 1 , it is obvious to find that when the DN value is less than 50, the scale parameter is increasing monotonically. Most of its corresponding values is bigger than 1.0 when c is assigned to 3.0. Therefore, the ordinary image can be enhanced very well. But when the original DN value covers the entire gray range, the scale parameter is not monotonous, so the texture distortion appears in the satellite image. Therefore, the effect of LTM is limited, and we proposed an optimized method--IEM.
Linear transformation
In IHS space, H, S, and I components are defined as [14] :
where R (red), G (green), and B (blue) are gray values of a pixel of a 24-bit colour image; min () expresses the function of taking the minimum value. φ is defined in Eq. (5):
Assuming the scale parameter is α and the shift parameter is β, we can derive the linear transformation as follows:
, ,
in which R T , G T , and B T are the transformed gray values. We can then obtain the transformed φ that is defined as φ T in Eq. (7) 2 (2 ) / 2
It can be seen that φ remains unchanged, therefore H also remains unchanged. As a consequence, the key step of colour enhancement is to suppress the variation of saturation. The transformed saturation is defined as S T in Eq. (8):
To suppress the variation in saturation, β should be as small as possible and α should be as big as possible. The determinations of α and β in IEM are presented below.
Determination of scale parameter and shift parameter
Gamma transformation defined in Eq. (9) is common used for brightness correction of images for its advantages over other methods.
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where c and γ are constant values, r is the grayscale value of the current pixel, and S is the transformed grayscale value. However, since the ratio of red, green and blue components will change along with the process of brightness correction by using gamma transformation, gamma transformation is not suitable for directly using as the scale parameter in enhancement of colour images. Fortunately, the linear transformation mentioned in section 2.2 in this paper can effectively limit the action of gamma transformation only on intensity component of colour images. In this case, colour distortion will be refrained. As the intensity component of images should be improved after enhancement and over-saturation in the processed images must be prevented. Therefore, the function used as scale parameter in the linear model should decrease monotonically. Meanwhile the reasonable range of scale parameter should be bigger than 1.0 and less than 2.0. In this case, if r represents the grayscale value of current pixel, S will be overflow easily. Then, we select 2.0 as the value of r and the range of γ should be between 0 and 1. Considering S is inversely proportional to the grayscale of the current pixel, γ should satisfy the following condition:
where g stands for the intensity component of the current pixel. For simplicity, we selected γ = f (−g) in this paper. The scale parameter is defined as
It is easy to see that a smaller original DN value corresponds to a larger slope of transformed DN value in the new scale parameter. That is to say, the insufficient intensity is compensated and the gray difference between adjacent pixels is widened. Since the gray difference between adjacent pixels expresses the details of images, we multiply the scale parameter with the original image to sharpen the details of the "dark place". Moreover, the maximum of the transformed DN value acquired by using the improved scale parameter is the same to the maximum of the original DN value, so the transformed DN value will not be overflow easily. Unfortunately, the difference in gray value between adjacent pixels could be reduced at a larger original DN value. Then, the shift parameter should be added into the process. The shift parameter stores details of edge information. Adding the shift parameter could retain the details for images with sufficient intensity. Shift parameter β is defined as:
β=I-B*I
( 12) where I represents the original intensity of colour image, and B stands for the convolution kernel.
B was set as B3-spline kernel in LTM, and the test shows a good result. However, as analyzed in section 2.2, to suppress the variation in saturation, shift parameter should be as small as possible. The author did not compare the performance of B3-spline kernel with different smoothness in LTM. Therefore, we simply compare the performance of three B3-spline kernels with different smoothness in (13), and the test image used to compare the performance of different B3-spline kernels is shown in Fig.4 (a) , the compared results are represented in Table 1 . 99.24% 0.004% 0.019% 0.025% B2: Ratio(DN<β) 90.40% 6.83% 1.16% 0.55% B3: Ratio(DN<β) 89.28% 6.87% 1.56% 0.57% Table 1 . Distribution of β value by using B3-spline kernels From Table. 1 , it is clear to see that β values of B1 kernel is the smallest values in three group data, and β values of B1 kernel concentrate within the range of less than five. All these indicate that the shift parameter in B1 form can best meet the requirement for a small-enough β. Moreover, the restoration of the shift parameter of B1 can also meet the basic requirement. The detail information by using B1 as kernel can be seen in Fig.4 . In summary, we select improved gamma transformation and B1 kernel to construct scale parameter and shift parameter.
METHOD
The results of two experiments are presented here to evaluate the performance of the IEM. The images used for these experiments are obtained from SFU image database and Chinese ZIYUAN-02C (ZY02C) satellite. For the ordinary image from SFU image data set, the enhancement caused obvious colour distortion in MSRCR and LTM, as shown in Fig.5 . However, the proposed method restored vivid colour, rich details, and obtained a good visual effect.
To obtain quantitative evaluation, we used luminance (L) [8] , contrast (C) [8] , hue (H) [13] , saturation (S) [13] , and EME [1] to evaluate the results. The indices are defined as follows.
where M and N are the width and height of images. Tables 2 and Table 3 The satellite is used to survey land resources. Limited by the sensitivity range in a single channel of the multi-spectral camera of ZY02C satellite, insufficient light becomes the main problem for object recognition. Therefore, the colour images must be enhanced prior to interpretation. The experimental results are shown in Fig.6 . We find that the MSRCR method clearly whitens the airport road, and the LTM method reddens the entire image. 
CONCLUSION
In this paper, we present a novel method for colour enhancement techniques, which was successfully applied to colour images of simple objects taken with an ordinary camera and large coverage of complicated objects obtained by a satellite. Gamma transformation is improved in the proposed method, which widens the gray difference and highlights the details in dark areas. The shift parameter restores highfrequency information to prevent the loss of detail information in bright areas. The proposed method can preserve the colour information and enhance the visibility of local details well. It produces better results than previous methods.
